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x 
MAURICE B. DANARD 
THE WATER BUDGET EQUATION FOR A VOLUME ENCLOSING AN AREA OF PRECIPITATION 
MAY BE WRITTEN 
WHERE W AND L REFER TO THE WATER VAPOR AND LIQUID WATER CONTENTS, R AND E 
ARE THE RATES OF PRECIPITATION AND EVAPORATION FROM THE UNDERLYING SURFACE, 
FW AND FL ARE THE NET HORIZONTAL INFLUXES OF WATER VAPOR AND LIQUID WATER. 
AND Fp I S  THE NET INFLUX OF WATER SUBSTANCE THROUGH THE TOP. 
NOW I F  (I)  I S  AVERAGED OVER THE ENTIRE ATMOSPHERE AND OVER A LONG PERIOD 
O F  T IME.  WE HAVE APPROXIMATELY 
WHERE THE BAR DENOTES MEAN CONDITIONS. THAT IS. ON THE AVERAGE, PRECIPITATION 
AND EVAPORATION ARE EQUAL (I. E., NO NET TRANSPORT AT THE EARTHIS SURFACE). 
HOWEVER. EVAPORATION I S  OCCURRING MORE OR LESS CONTINUOUSLY OVER A LARGE 
PORTION OF THE EARTHlS SURFACE WHEREAS PRECIPITATION I S  FALL ING ON ONLY A 
SMALL FRACTION (PERHAPS TWO PER CENT) OF THE TOTAL AREA AT A GIVEN TIME. IF 
ATTENTION I S  RESTRICTED ONLY TO SHORT T I M E  PERIODS I N  AREAS OF PRECIPITATION. 
E SHOULD BE A S M A L L  TERM COMPARED TO R. TH IS  I S  SUPPORTED B Y  CALCULATlONS 
OF E BY  PETTERSSEN E T  A L  (1962) OVER THE NORTH ATLANTIC I N  DEVELOPING CYCLONES. 
MAXIMUM VALUES OF E WERE ONLY ABOUT 0.75 M M  HR-I WHICH I S  SMALLER THAN 
TYPICAL VALUES OF R. OVER LAND. EVAPORATION RATES WOULD. OF COURSE, BE EVEN 
LESS THAN OVER THE SEA. 
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FURTHERMORE, THE L IQUID WATER CONTENT OF LAYER CLOUDS I S  OF THE ORDER OF 
0.5 GM M ' ~  (SEE, E. G., MASON, 1%2, PP. 36 AND 39). BY COMPARISONI THE DENSITY 
OF WATER VAPOR I N  SATURATED AIR A T  700 MB AND O°C I S  ABOUT 5 GM M - ~ .  THUS, I N  
LAYER CLOUDS. L IS AN ORDER OF MAGNITUDE SMALLER THAN W AS IS THE TERM FL 
COMPARED TO Fw. I N  ADDITION, Fp MAY BE OMITTED PROVIDED THE TOP OF THE 
VOLUME CONSIDERED IS SUFFICIENTLY HIGH (FREQUENTLY TAKEN AS 400 ME). 
THUS, (1) MAY BE  APPROXIMATED AS 
SPAR (1953) SUGGESTED USING (3) I N  QUANTITATIVE PRECIPITATION FORECASTING. HOW- 
EVER, I F  THE CALCULATIONS ARE PERFORMED MANUALLY, THE PROCEDURE I S  TOO T IME-  
CONSUMING FOR OPERATIONAL USE. NEVERTHELESS, I T  15 OF VALUE I N  RESEARCH. 
EQUATION (3) HAS BEEN VERIFIED DIRECTLY BY BRADBURY (1957) FOR THREE STORMS 
(TABLE 1). THE VALUES ARE AREA AVERAGES. SINCE THE AREAS UNDER CONSIDERATION 
EXTENDED BEYOND THE REGIONS OF PRECIPITATION, THE LOCAL RAINFALL RATES WERE 
THEREFORE LARGER THAN THE VALUES GIVEN I N  THE LAST  COLUMN. THE DISPARITY 
BETWEEN R AND THE OBSERVED PRECIPITATION 15 AN INDICATION OF THE ERROR I N  (3). 
FROM TABLE 1 I T  1 s  SEEN THAT a w l  a~ 1s  SMALLER THAN EITHER FW OR R. 
THUS, A FURTHER APPROXIMATION 15 
THE NET HORIZONTAL INFLUX OF WATER VAPOR MAY BE EXPRESSED A S  
WHERE G IS THE SPECIFIC HUMIDITY, VN IS THE OUTWARD COMPONENT OF VELOCITY AT 
THE PERIMETER S AND Po I S  THE SURFACE PRESSURE. FIGURE 1 SHOWS THE VERTICAL 
VARIATION OF - (P Q V ~ D S  COMPUTED BY PALMEN AND HOLOPAINEN (1962) FOR A 
CYCLONE OVER THE UNITED STATES. THE IMPORTANCE OF THE CONTRIBUTION FROM THE 
LOWEST LAYERS 15 EVIDENT. FURTHERMORE, I T  I S  ESSENTIAL TO USE THE ACTUAL 
RATHER THAN THE GEOSTROPHIC WIND I N  THESE LAYERS. 
THE ABOVE EQUATIONS HAVE ALSO BEEN USED I N  STUDIES OF INDIVIDUAL EXTRA- 
TROPICAL CYCLONES BY BRADBURY (1958)~ PALMEN (1958)~ AND RIEHL AND GRAY (19621. 
I T  MAY BE SHOWN THAT THE FOLLOWING EQUATION I S  EQUIVALENT TO (1) WITH L, 
FL AND E OMITTED, 
THUS, (6) 15 APPROXIMATELY EQUIVALENT TO (3). I N  (61, PB AND PT DENOTE THE 
TABLE 1. COMPUTATION OF TERMS I N  EQUATION (3) BY BRADBURY (1957) 
UNITS, MM HR-I. 
- q q v n d s  ( r e l a t i v e  u n i t s )  
FIGURE I. THE VERTICAL VARIATION OF - P Q V ~ ~ S  (SEE EQUATION ( 5 ) )  ADAPTED 


























































































































































- CONTINUED FROM 132 
PRESSURES AT CLOUD BASE AND TOP, o = DP/ DT IS THE VERTICAL VELOCITY 
EXPRESSED I N  TERMS OF PRESSURE. A I S  THE HORIZONTAL AREA AND THE SUBSCRIPT 
S INDICATES VARIATION ALONG A MOIST ADIABAT. THE MAIN  PROBLEM I N  EVALUATING 
(6) I S  THE COMPUTATION OF a .  ONE WAY I S  K INEMATICALLY USING OBSERVED WINDS 
AND THE EQUATION OF CONTINUITY 
FIGURE 2 SHOWS THE VERTICAL DISTRIBUTIONS OF COMPUTED KINEMATICALLY ( K )  
* 
AND THE CONTRIBUTIONS TO R FROM 200-MB THICK LAYERS A T  THE T I P  OF A WARM 
SECTOR I N  A DEVELOPING CYCLONE (DANARD 1964). T H l S  WAS THE REGION OF HEAVIEST 
PRECIPITATION. NOTE THAT THE L E V E L  OF MAXIMUM PRECIPITATION WAS SOMEWHAT 
LOWER THAN THE L E V E L  OF MAXIMUM UPWARD MOTION. THE TOTAL  PRECIPITATION 
(SUM OF THE CONTRIBUTIONS FROM THE THREE LAYERS WAS 3.1 MM HR-la 
USING QUASI-GEOSTROPHIC THEORY I T  I S  POSSIBLE TO DERIVE AN  EQUATION FOR 
AND HENCE FORECAST PRECIPITATION AMOUNTS NUMERICALLY. FIGURE 2 SHOWS THAT 
VERTICAL VELOCITIES COMPUTED I N  T H l S  WAY TAKING RELEASE O F  LATENT HEAT INTO 
ACCOUNT ( a N )  ARE COMPARABLE TO KINEMATICALLY COMPUTED ONES ( filK). A SHORT- 
COMING OF NUMERICAL METHODS I S  THE I N A B I L I T Y  TO ACCOUNT FOR CONVECTIVE PRE- 
CIPITATION. T H l S  I S  DUE TO TRUNCATION ERROR AND THE FACT THAT THE QUASI-GEO- 
STROPHIC EQUATIONS ARE NOT APPLICABLE TO SMALL-SCALE MOTIONS. TABLE 2 SHOWS 
RESULTS OF FOUR 36-HR NUMERICAL PREDICTIONS OF THE TOTAL PRECIPITATION OVER 
NORTH AMERICA (DANARD 1966 A, 1966 B). NOTE THE CONSISTENT UNDER-EST1 MATE OF 
TOTAL PRECIPITATION AMOUNTS. DUE. PRESUMABLY. TO THE ABOVE-MENTIONED CAUSES. 
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TABLE 2. TOTAL MASS OF PRECIPITATION I N  36-HR INTERVALS OVER NORTH AMERl CA 
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